Cold spray coatings are considered promising for surface protection of light metal substrates but the mechanisms of bonding and coating build-up are still poorly understood and are the subject of continuing debate. A variety of coating/substrate combinations have been characterised in detail using electron microscopy to examine the nature of the interparticle and particle/substrate interfaces. Through-thickness residual stress profiles obtained via neutron diffraction show that the internal stress varies significantly depending on the coating materials. The work will present a picture of the cold spray deposition process using different material examples.
Introduction
Cold spray is an evolving technology for depositing materials in the solid state, which can be used to generate either coatings or preforms. In this process the feedstock material, which should have a metallic powder as its principal component, is injected into a gas stream and accelerated to speeds from 500-1000m/s and is impacted onto a metallic substrate. If the powder reaches a critical velocity defined by the material properties, then metallurgical bonding is obtained and the density and some other properties of the resulting deposit are in many cases close to that of a bulk material.
The primary target application of cold spray coatings is for the surface enhancement of metals, to improve properties such as wear resistance, corrosion resistance, electrical conductivity, etc. The coatings are considered to be suitable for light metal substrates such as magnesium alloys due to the low process temperature. In coating applications the state of residual stress is an important parameter that determines coating integrity, and has been found to significantly affect coating bond strength and fatigue [1] [2] [3] . The cold spray coating process is dominated by kinetic impact energy, so the residual stresses are compressive due to the peening process [4] .
It is generally understood that surface residual compressive stresses such as those generated by shot peening lead to increased fatigue life, but in the case of HVOF coatings it has been shown that if the residual compressive stresses are too large, then premature spalling may reduce the fatigue life of the coating [3] . It is clear that an understanding of the accumulation of residual stresses during the cold spray process is needed so that it may confidently be used in a variety of applications. To date there only a small amount of reliable data on the stresses in cold spray coatings [5] [6] [7] .
In the present work we present measurements of residual stress in cold spray coatings produced using different coating/substrate material combinations. Through-thickness stress profiles obtained using neutron diffraction stress measurements enable qualitative verification of the progressive deposition model of Tsui and Clyne, which can be used to describe the residual stress accumulation using only two adjustable parameters [8] . Observations of the coating microstructure are used to interpret the measured stresses.
Experimental Procedures
Spherical, atomised commercial-purity Cu and Al powers were used as the coating material with mean particle sizes of 6µm and 15µm respectively. Electrical grade Cu and 5xxx Al sheet were used as the substrate materials, with a thickness of 3.1mm and 2.6mm respectively. They were cut into 30mm x 30mm squares to ensure a balanced biaxial state of plane stress. Four samples in total were produced forming a 2x2 matrix, two coating materials vs. two substrate materials, Al/Al, Al/Cu, Cu/Cu and Cu/Al.
The cold spray coatings were produced using a Kinetic Metallization (KM) system, which is a commercially-available cold spray variant (Inovati, Santa Barbara, CA, USA). Unlike conventional supersonic cold spray systems , KM uses a convergent nozzle to accelerate the process gas to ~Mach 1 [9] . For maximum velocity helium was used as the process gas, with the process conditions given in Table 1 . The estimated particle exit velocity was calculated using a 1-dimensional isentropic model based on that of Dykhuizen and Smith [10] . The cold spray coatings were sprayed ~3mm in thickness in order to enable through-thickness stress profile measurements using a reasonable diffraction volume.
The neutron diffraction residual stresses measurements were carried out at the NIST Center for Neutron Research using the residual stress diffractometer BT8 [11] . A gauge volume 0.5x0.5x18mm was chosen to balance spatial resolution vs. counting statistics. Since Cu is a stronger scatterer than Al the measurement time was varied correspondingly. In both materials the (311) reflection was used to measure d-spacings both in-plane and in the through-thickness direction, using 90-degree geometry similar to that given in [6] . The residual stress in the Cu/Al sample was measured on the Kowari diffractometer (OPAL research reactor, ANSTO) [12] using the same general procedure. Polycrystalline diffraction elastic constants used to convert the shift in d-spacing to in-plane stresses were calculated using an effective medium approach [13] .
Coating density was measured using Archimedes' method, and elastic modulus was measured using the impulse excitation technique according to the ASTM standard E1876.
Results and Discussion
The in-plane residual stress profiles are shown in Fig. 1 . The stresses in the Cu coatings are shown in (a) and (b), and the compressive residual surface stresses are ~50-80 MPa. In contrast, the residual compressive stress on the surface of the Al coatings shown in Fig. 1 (c) and (d) is only ~10 MPa. The error bars represent the combined uncertainty of 5-10 MPa comprising both positioning and statistical error. It can therefore be concluded that the Cu coatings both have similar stress profiles, regardless of the substrate, and the Al coatings both have similar stress profiles. While the substrates make a contribution to the stress profiles through their respective elastic modulus values and details of heat transfer/dissipation, it is not surprising that the stress profiles are dominated by the coating material, since these are rather thick coatings, and only the first layer to be deposited interacts directly with the substrate.
The stress profiles were fit to Tsui and Clyne's progressive deposition model [8] . In the model, each additional layer deposited contributes to the overall stress profile, and the entire distribution is the integral result. The two fitting parameters are σ d , the deposition stress and ∆ε, the misfit strain due to thermal expansion differences between the coating and substrate. The resulting fit is plotted as a solid line in Fig. 1 (a-d) , with the fitting parameters shown. The fitting was very sensitive to the value of σ d , and relatively insensitive to the value of ∆ε. This confirms that in the cold spray process, residual stress accumulation is related to the peening process during deposition of successive layers, while thermal mismatch has a minor influence.
However, the empirical model is able to describe the stress distribution accurately, it cannot predict why the peening stress is so much higher in the Cu coatings than in the Al coatings. To understand the residual stress accumulation in the two different coatings it is useful to look at the deformed microstructure. Fig. 2 shows the microstructure of both the Cu and Al cold spray coatings, etched to reveal the particle boundaries. A comparison of the particle aspect ratios in the deformed coatings gives an 
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estimate of the average impact strain in the Cu and Al coatings to be ~0.95 and ~0.6 respectively. The Al coating also shows slightly more porosity than the Cu coating. The cold spray bonding process is thought to originate from plastic strain, which increases the surface area of the particles, breaking up surface oxides and leading to conformal metal-metal contact. Therefore, materials that undergo a greater amount of plastic strain (Cu in this case) are expected to form higher quality coatings. Table 2 gives a comparison of the density and Young's modulus of the coatings compared to their bulk equivalents. The properties of the Cu coatings are closer to their bulk values than those of the Al coatings, which is consistent with the larger impact strains in the Cu leading to improved compaction and bonding between particles. What remains to be determined is the relationship between the process parameters, material properties, the impact strain and the residual stresses. It is not clear, for example, that a higher impact strain should always lead to larger residual stresses, or even how to accurately estimate the impact strain for a given material. Further investigation is needed to understand the relationship between the process parameters, the elasto-pastic response of material and the resultant residual stresses.
Conclusions
The residual stresses in Cu and Al cold spray coatings have been measured, and the residual compressive stresses in the Cu coatings are high compared to those in the Al coatings. The density and elastic modulus of the Cu coatings are closer to their bulk values than in the Al coatings because of better particle bonding and compaction, and this is related to the larger amount of plastic deformation on impact of the Cu particles that form the coating. The relationship between the process parameters, material properties and residual stresses is still not well understood. 
